Abstract-The aim of this work is to evaluate amplitude distributions of narrow-band channels based on sounding measurements made at 26 GHz. The setup is with an omnidirectional antenna moving in different indoor environments with an access point (AP). Rician channel model parameters are obtained via maximum likelihood (ML) estimation and the k-factors are obtained as well as mean power levels. Depending on the type of environment and the location of the mobile with respect to the used AP, the found k-factors varies from about −10 dB up to about 9 dB.
I. INTRODUCTION
With the aim of supporting an increased network capacity and speeds, future communication systems like 5G are expected to utilize frequency spectrum at much higher frequencies than the typically below 6 GHz used in today's systems. Frequencies near 28 GHz have been considered attractive due to available spectrum and expected reasonable propagation conditions [1] .
So far only relatively few publications exist that are based on measurements of the radio channel in this band, e.g., [2] , yet the radio propagation in the new band is expected to be very different from that in legacy bands where many works exist. Hence new empirical results are required to quantify the properties of the new type of channels. The current work focuses on the amplitude distribution of a moving mobile station being served by an AP in an indoor environment. Related previous works include [3] , [4] for bands about 30 GHz and [5] about 60 GHz.
II. CHANNEL MEASUREMENTS

A. Setup
The measurements used in the current work were obtained as part of a campaign previously described in [6] , but the particular data needed for the analyses of the current work was not processed in [6] . The below text describes the measurements obtained with the channel sounder, with emphasis on the data used in the current work.
The sounder is configured to have one Tx channel (with either vertical polarization (VP) or horizontal polarization (HP), see below) and five Rx channels. The bandwidth is about 100 MHz and centered at 26 GHz. Each channel snapshot last 41 µs and the channel The single Tx antenna was a linearly polarized 10 dB standard gain horn antenna (Pasternack PE9851/2F-10) which has a 3 dB beamwidth of 54
• and 53
• in the Eand H-plane, respectively. The Tx horn was mounted on a wooden mast 2.07 m above the floor, mimicking an access point in an indoor radio network. The horn was manually rotated, so that the Tx had either VP or HP. As described further below, three different locations of the Tx mast were used, one for each of the Lab, Corr, and Hall environments. For each location, 2-3 azimuthal orientations of the horn were used, as described in Table I .
At the Rx end of the sounder, four horn antennas and one omni-directional antenna were mounted on a pedestal which can rotate in azimuth, controlled by software in synchronicity with the channel sounding. Only data from the omni-directional antenna are used in the current work.
The omni-directional antenna (AINFO SZ-2003000/P) was mounted on top of the horns with the antenna center at a horizontal distance of 0.165 m from the rotation center and 1.0 m above the floor. During a measurement, the pedestal rotated 180
• in azimuth, so that the antenna was moved along a half-circle path of length 0.52 m or about 45 wavelengths. The pedestal with the antennas mounted are shown left in Fig. 1 . A single scan lasted about 2.9 s, during which time 525 channel snapshots were obtained from the omni-directional antenna.
B. Measurement Series
For each combination of location and orientation of the Tx horn and the Rx pedestal, two measurements were carried out; one with the Tx horn configured for VP, and one with the Tx horn configured for HP. This allows a characterization of all four possible combinations of channels when transmitting and receiving in one of the two polarizations. However, in the current work only data resulting from using the VP of the Tx horn is utilized, since the omni-directional Rx antenna has VP and the cross-polarization coupling in the channel is low, leading to a generally unsatisfactorily measurement quality. Results on cross-coupling in the channel, obtained using the horn antennas, may be found in [6] .
Below a few measurement series are defined by the location and orientation of the Tx and Rx in a given overall environment. In each case, the Tx location was fixed, but with a few different orientations. The pedestal with the Rx was moved to different locations in order to induce large-scale changes in the channel, with changes in both propagation path lengths and angles. The Rx locations are described below with the notation "Ln", where n is an integer number.
In order to also allow investigation of channel changes due to small-scale changes in the location, for each large-scale location four sub-locations are defined by the corners of a 10 cm by 10 cm square. Measurements were carried out at each of the sub-locations, except for some of the Hall series. In addition, some measurements were repeated.
In the campaign, four different measurement series were carried out, as described below 1) Lab: The Tx was located at the end of the laboratory environment, shown as T1 in Fig. 2 , while the Rx pedestal was in five overall locations, L1, L2, . . . , L5. For each of those locations, four sub-locations were used. Two orientations of the Tx were used, one directly towards the Rx (South) and one with the horn main direction partly towards the East wall of the lab. The lab environment is shown in Fig. 3 .
2) Corr: The Tx was located near the wall in the corridor outside the laboratory, shown as T2 in Fig. 2 . The Rx pedestal was in seven overall locations distributed along the corridor, of which L10, L11, L12 were in line of sight (LOS) from the Tx. Locations L6, L7, L8, L9 are in non line of sight (NLOS) since there is a bend in the corridor. The Tx was oriented both along the corridor as well as with the main direction partly towards the West corridor wall. The corridor is seen to the right in Fig. 1 .
3) Hall: The Tx was located near one of the pillars in the East side of the Hall, below the overhanging first floor, see T3 in Fig. 4 and Fig. 5 . The Rx pedestal was located at seven overall locations distributed along a radial line, shown in the sketch as L13, L14, . . . , L19, all of which were in LOS from the Tx. Two orientations of the Tx were used, one directly towards the Rx and one where the horn main direction points partly towards the North wall.
In a second part of the Hall series of measurements, the Rx pedestal was located at the seven locations L19, L20,. . . , L25, distributed along an North-South line. For those locations both the length and angle of the LOS varies. Three orientations of the Tx were used, with the horn main direction pointing towards West, North-West, and South-West, thus focusing on different parts of of the hall.
Note that in the previous work [6] the two parts of the Hall series were treated separately, but are presented together here for simplicity.
III. DATA PROCESSING
A Rician channel is characterized by a specular component s s (t) and a zero-mean Gaussian distributed random component s r (t), both complex. The received signal is the sum of the two components, so that the observed signal is
in noise-less conditions. The amplitude |r(t)| is Rician distributed [7] . Conventionally, the Rician channel is described by the k-factor defined as
in dB and where σ 2 s and σ 2 r are the power in the specular and random components, respectively. The k-factor is convenient since it in one figure describes the degree of randomness when a stable specular component is also present.
When dealing with measurements we only have access to a noise contaminated version of the amplitude, r ′ (t) = r(t) + w(t), where w(t) is the added noise. Assuming the channel is correctly described by the Rician model, the task is to estimate σ 2 s and σ 2 r from the noisy measurement. In this work the ML approach is used to estimate the Rice distribution parameters, since it outperforms the often used so-called method of moments [8] . Specifically, the ML estimation implementation in MATLAB R2017a was used for the processing. In general terms, denoting R(σ s , σ r ) as the Rice cumulative distribution function (CDF) and given a vector of measured amplitude samples, the parameters σ s and σ r are jointly optimized for best fit in the ML sense to the CDF of the data. When both s r (t) and w(t) are random and present in measured data, the estimatedσ r will approximate σ 2 r + σ 2 n instead of the desired σ r , since the noise component cannot be distinguished from the signal component. If we are able to estimate the noise power separately asσ 2 n then a better approach is to optimize using the model CDF R(σ s , σ 2 r +σ 2 n ) thus taking into account the random noise component.
The performances of the estimators are evaluated using simulated Rician channels assuming different kfactors and signal to noise ratios (SNRs). For each channel 2.5 · 10 4 samples are simulated and used for the ML estimation, with and without assuming a known noise level. Each estimation is repeated 100 times and Fig. 6 shows median values with 10% and 90% percentiles defining the error bars. It is noticed that the estimator not incorporating the noise level has an increasing bias when the SNR reduced, the other estimator gives the correct kfactor, at least in median. However, the variation seems to be small for SNRs above 5 dB.
In the processing of each measurement, the noise power was estimated as the average power in the impulse responses (IRs) for delays in the range 1.5-2.4 µs where any signal components are far below the noise floor. The average is over both delay and snapshots.
Narrow-band data is obtained from the IRs using discrete Fourier transforms (DFTs) and useful sub-channels were defined as those within 15 dB of the max average power. For each useful sub-channel the samples were normalized, and samples from all useful sub-channels were used as input to the ML estimation procedure, together with the estimated noise power. The number of samples used for the estimation is about 1.33 · 10 to 1.58 · 10 5 , depending on the measurement. Using the estimated Rice parameters, the k-factor was computed using (2) .
In addition, the mean total power was computed as The orientation of the Tx antenna has a significant impact on the power in the Lab and Hall where a LOS exists. This variation is partly due to the radiation pattern of the Tx antenna, but this alone cannot explain the variations over locations, since the about 6 dB of difference in the Lab is less than what would be expected from the pattern. The importance of the LOS is also illustrated at L19-L24, where the power varies according to the location relative to the main beam of the Tx antenna. Fig. 8 shows some examples of the CDFs for the measured and estimated Rice models. When the noise is not taken into account in the estimation, the power in the random part is overestimated, leading to the (dotted) CDFs closest to the measured curves. When including the noise in the estimation, the k-factor is effectively increased (dashed curves). It is noted that in either case the Rician model is not a perfect match to the measured data, perhaps with the near-Rayleigh case as an exception. The Rician model should be viewed as a simplification of the actual channel and the k-factors as indicators of the general type of channel measured. Better fitting models may exist, but is not explored further in this work. Other optimization goals (non-ML) may also be employed, e.g., for a better fit in the lowpower CDF region.
An overview of the estimated Rician models is presented in Fig. 9 in the form of k-factors. The plots show the k-factors estimated at the different sub-locations and repetitions (when available), with lines connecting mean values. Curves are shown both for estimates taking into account measurement noise as well as for estimates obtained ignoring noise. As expected, the k-factor is highest when noise is considered, by about 0-1 dB, depending the location.
In the Lab and Hall environments the k-factor is highly dependent on whether or not the location is within or near the main beam of the Tx horn, with relatively high values in the range 2-9 dB, or low values in the range −10 to 0 dB outside the main direction.
The k-factors in the Corr environment is generally below 2 dB, with the highest values in LOS conditions. The relatively low k-factors in LOS, compared to those in the Lab and Hall environments, may be partly due to the Rx being close to the Tx, so that the LOS is affected by elevation pattern due to the height difference. However, the power level at L10-L12 is in fact higher than that obtained at L20-L23, where the k-factors are in the range 6-8 dB. Log cumulative probability [-] Lab/O1/L2/S1 Cor/O4/L10/S1 Hall/O2/L22/S1 Fig. 8 . Examples of estimated CDFs based on the measured amplitudes in all sub-channels. For each measured case Rician CDFs are also shown using the same color, where dashed-line CDFs are obtained using ML optimization taking into account the measurement noise and dotted-line CDFs are for optimization ignoring the noise.
V. CONCLUSIONS
Based on 26 GHz channel measurements at many indoor locations it was found that the mean power is strongly influenced by the presence of LOS and the radiation pattern of the AP, with variations up to 10 dB in one environment. Similarly, the orientation of the AP is important. Rician models were optimized to fit the measured narrowband amplitude data. The model fit is generally reasonable, but not perfect, with the best result for low k-factors. In two relatively large room environments the k-factor is highly dependent on the mobile unit being in the main beam of the AP antenna where values are in the range 2-9 dB. Elsewhere the k-factor is −10 to 0 dB. In a more confined corridor environment the k-factors are generally below 2 dB, even in LOS conditions. 
